In order to reduce costs, the solar cell industry is aiming at producing ever thinner solar cells. Structuring the surfaces of optically thin solar cells is important for avoiding excessive transmission-related losses and, hence, to maintain or increase their efficiency. Light trapping leading to longer optical path lengths within the solar cells is a well established field of research. In addition to this, other possible benefits of structured surfaces have been proposed. It has been suggested that nanostructures on the surface of thin solar cells function as resonators, inducing electric-field resonances that enhance absorption in the the energy-converting material. Further, coupling of electric field resonances in periodically structured solar cells may couple with each other thereby increasing the absorption of energy. A deeper understanding of the nature of the energy-conversion enhancement in surface-structured and thin solar cells would allow to design more targeted structures.
INTRODUCTION
The solar-cell industry is continuously on the lookout for ways to reduce material usage in the production of solar cells while maintaining conversion efficiency in order to increase the cost-efficiency of solar-cell devices.
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While thin, crystalline silicon solar cells exhibit lower absorption than thicker, traditionally crystalline silicon wafer cells, 1 absorption in optically thin solar cells can be enhanced by surface structuring, e.g., by adding surface structures to the top layer of thin solar cells. 3, 4 The most established approach is light trapping, wherein the path length of light in the absorber is increased because of the surface structures. It has also been shown that resonances of the electric field due to the structured surface increases the absorption in the absorptive material below. 3 Coupling of resonances in the structures can also yield absorption enhancement in structured thin film solar cells. 5 Another way to enhance efficiency of thin solar cells is to minimize the energy losses due to reflection. 6 A possible way to achieve this is to add one or more thin dielectric layers on the top of the solar cell as anti-reflection coatings (ARC). Single layer ARCs are standard in the industry today. However, many works have carried out optimization of the different layers to find the optimum combination of the refractive indexes (materials) and thicknesses. 7 The aim of the current study was to study absorption efficiency in the energy converting layer of a solar cell as a function of resonances in the absorbing and non-absorbing layers of a thin-film solar cell. To this purpose we want to develop a simple model system that exhibits resonances and allows to investigate the implication of these resonances on absorption in the energy converting material. A simple system that can exhibit resonances is a multilayered-film system. A multilayered film system can be set up by absorbing and non-absorbing layers. It can be used to investigate how resonances in the non-absorbing layers affect the absorption in the absorbing layers. It can be further used to investigate, how absorption can be enhanced by tuning the refractive index and the thicknesses of the absorbing and non-absorbing layers involved. Therefore our work is strongly related to optimization of anti-reflection coatings, 6 but it focuses on a different aspect, namely the effect of resonances in layered films on the absorption in the energy converting film.
In order to study the effectiveness of the device, we evaluate the absorption cross section, σ a . 8, 9 The absorption cross section is similar to the optical generation rate, 10 while the optical generation rate is taking into account a weighting by the solar spectrum. The system that is evaluated in our work is a one dimensional system where the incoming light is propagating towards the system where the propagation direction is perpendicular to the surface. This system is equivalent to an three dimensional system with normal incident light.
The paper is organized as follows: In Sec. 2, systems with wavelength independent refractive indices are evaluated. We investigate how the absorption cross section and the resonant structure in the layered film depend on the size of the imaginary part of the refractive index. We show that our results agree with the Fresnel equations 11 for non-magnetic dielectric materials. We investigate further if the thickness of the layers can be optimized with respect to absorption efficiency and material usage. We show how a resonance in the nonabsorptive material enhances the absorption of light in the energy converting film. Sec. 2 also illustrates that optimization of film thickness is more beneficial for systems with a larger range for the refractive indices. We further demonstrate that our approach can be useful in the optimization of real solar cell material by optimizing the thickness of the layers of an experimentally realizable solar cell in Sec. 3.
OPTIMIZATION OF ABSORPTION CROSS SECTION FOR THIN-FILM SYSTEMS WITH CONSTANT REFRACTIVE INDEX
Optically thin solar cells with normal incidence can be treated as one-dimensional systems and are therefore simple to handle numerically. The model system chosen in the current paper represents a one-dimensional system consisting of several thin layers with different absorbing and non-absorbing materials. Both the nonabsorbing and the absorbing materials can function as resonators as we will see later. In the first part of the paper, we consider thin-film systems with an index of refraction that is independent of the wavelength as shown in Fig. 1 . We assume that the backside of the film is a perfect mirror, reflecting back all the radiation perfectly. We assume further that the incoming light is a plane wave with an amplitude equal to 1. Since we only consider normal incidence and thus treat the model system in one dimension, we do not need to consider the polarization. Thus, the model system can be described by scalar wave theory, which provides an exact description of the wave mechanics in the film structures.The one dimensional model is completely equivalent to to the three dimensional film system with normal incident light.
For the layered systems shown in Fig. 1 , generally the amount of absorbed light can be calculated via the absorption cross section σ a given by
where r is the amplitude of the reflected plane wave, 8, 9 while |r| 2 = R is the reflection probability of the system. When the refractive index is real for all films involved, |r| 2 = 1 and the absorption cross section σ a = 0.
The amplitude of the reflected wave can be found by requiring a continuous scalar wave function and a continuous first derivative of the scalar wave function at all interfaces. 12, 13 For simple systems with a few layers of materials, as the ones presented in Fig. 1 , the calculation of σ a is straightforward. For systems consisting of several layers, the transfer matrix method 14 may be used. Alternatively, a hierarchical summation scheme suggested by Brandsrud et. al. 8 can be employed. Figure 1 : A thin-film system consisting of (a) two and (b) three films. The film system starts at x = 0. Outside the film we assume vacuum with a refractive index of n 0 = 1. The boundaries between the films are at x = a and x = b. At x = m a perfect mirror is placed. The refractive indices of the thin-film layers I, II and III are given by n I , n II and n III , respectively. The film closest to the mirror represents the energy-converting material, i.e. the index of refraction is complex. The light is propagating from left with an normal incidence.
Two-film system
We will now demonstrate how the absorption efficiency of a two-layered system, as shown in Fig. 1a , depends on the resonance structure in the absorbing and non-absorbing films. This knowledge can be used to optimize the absorption efficiency as a function of the refractive indices of the films and the thicknesses of the two layers. The absorption efficiency can be either optimized (i) for a certain wavelength, (ii) for a wavelength region, or (iii) for the entire solar spectrum.
The importance of the size of the imaginary part of the refractive index of the absorptive material
We start with investigating how the absorption efficiency depends on the imaginary part of the refractive index of the absorptive film. For the study, we consider the two-film system shown in Fig. 1a . We set the refractive index of the first film to 1.5. Thus, the first film is the non-absorbing material. The second film is the absorbing material with a complex refractive index. We set the real part of the refractive index of the second film to 1.8. The imaginary part of the refractive index of the second film, (n II ), determines the absorption properties of the material. The imaginary part of the refractive index of the second film, (n II ), is our tuning parameter and is varied from (n II ) = 0.1 to (n II ) = 0.8. The thicknesses of the first and second film are chosen to be 216 nm and 500 nm, respectively. We will now study the absorption cross section σ a as a function of imaginary part of the refractive index of the second film (n II ). Figure 2a shows the absorption cross section σ a as a function of wavelength for different values of the imaginary part of the refractive index, (n II ), of the second film. For example for (n II ) = 0.1, a clear resonant structure can be observed in σ a . A resonance, i.e. a peak, in the absorption cross section σ a means that the absorption of the light is enhanced for certain wavelengths compared with the neighboring wavelengths. We see that the resonance structure of the absorption cross section σ a strongly depends on the size of the imaginary part of the refractive index in the second film (n II ): For the smallest (n II ), the resonance structure of the absorption shows rapid oscillations. When we increase (n II ), slower oscillation of the resonance structure can be observed. Figure 2b shows the average absorption cross section,σ a , as a function of (n II ). The average absorption cross sectionσ a is calculated as the mean of wavelength range 200-1200 nm. We may also investigateσ a for other wavelength regions. When we increase (n II ),σ a increases slowly until the value (n II ) = 0.32 is reached. After thisσ a decreases as (n II ) increases further. This agrees with Fresnel's equations.
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The resonance structure of the absorption cross section σ a shown in Fig. 2a can be interpreted physically as follows: For small (n II ), the incident electromagnetic wave creates standing waves in both films. The standing waves produce an increased electromagnetic field inside the films, which results in an increase of the absorption of light. As we increase (n II ) more radiation is absorbed in the second film, and at one point all radiation that enters the second film is absorbed before it reaches the mirror. From this point the resonance structure depends only on the resonances in the first film. This is illustrated in Fig. 3a and Fig. 3b , where different standing waves inside the first or the first and the second film are shown for (n II ) = 0.3 and (n II ) = 0.8, respectively. The absolute square of the scalar wave function, |ψ| 2 , is plotted for all wavelengths that correspond to the resonances shown in Fig. 2a . In Fig. 3a we see that for (n II ) = 0.3 the small wavelengths are totally absorbed before they reach the mirror and the long wavelengths still create a standing wave in the second film, while in Fig. 3b standing waves have only resonances in the first film and are totally absorbed in the second film.
Inspecting Fig. 2b , we find that the best choice of (n II ) is 0.32. This optimum is in the transition zone between the two types of resonance structures, that can be seen in Fig. 2a : the one with the higher oscillations and the one with the smaller oscillations.
The importance of the thickness of the absorptive material
It is obvious from the discussion in the previous section that for a given standing wave that extends over both films such as the standing waves at the wavelengths 697 nm and 1025 nm in Fig. 3a , an increase of the film thickness would lead to a further increase of σ a , since with increasing film thickness, an increasing amount of the radiation is absorbed in the second film and the resonant structure in the second film will gradually disappear. However, since an increase in thickness means an increase in material costs, it is important to determine the optimal thickness. In fact, an increase of the thickness of the absorptive film, i.e. the second film in in Fig. 1a , changes the resonance structure more drastically than an increase of the imaginary part. Figure 4a shows how σ a changes with increasing thickness of the absorptive film. Eventually, when an optimal thickness is achieved, the average σ a does not increase further. For larger thicknesses, the plane wave that enters the absorptive film is totally absorbed before it reaches the mirror and a further increase in thickness does not increase absorption efficiency further. Figure 5 shows the absolute square of the wave function, |ψ| 2 , for a two-film system with a wavelengthindependent refractive index for two film thicknesses of the second film: In (a) a thickness of 871 nm and in (b) a thickness of 1500 nm is used for the second film. The absolute square of the wave function, |ψ| 2 , is plotted for the resonances indicated in Fig. 4a . Figure 5a shows that for small wavelengths, |ψ| 2 is completely absorbed before it reaches the mirror. For the longer wavelengths, |ψ| 2 is not completely absorbed in the second film. The incoming radiation reaches the mirror and forms a standing wave that extends over both films. Figure 5 : The absolute square of the scalar wave function |ψ| 2 is shown for wavelengths that correspond to the resonances shown in Fig. 4a . The red line indicates the boundary between vacuum and first film, the yellow line indicates the boundary between the two films, and the purple line indicates the mirror. The refractive indices are constant for both films and are given by n I = 1.5 and n II = 1.8 + 0.3i, respectively. The thickness of the first film is kept constant at 216 nm; the thickness of the second film is set to 871 nm in (a) and 1500 nm in (b). The wave structure in front of the first layer is due to the superposition of the incident and reflected wave.
In Fig. 5b the absolute square of the wave function, |ψ| 2 , is plotted for the wavelengths in Fig. 4a that show resonances for the case of an increased film thickness. We observe that the radiation is completely absorbed before the mirror is reached. Therefore, we can conclude that in this case, maxima in the absorption cross section σ a depend only on standing waves in the first non-absorbing film. This is an important finding: in our model system, absorption increases solely due to resonant structures. This effect is not mixed with other effects that could be considered as possible explanations for absorption enhancement, such as coupling of resonances 15 and ray trapping. [16] [17] [18] When the condition for standing waves is satisfied in the first film, |ψ| 2 increases. Since |ψ| 2 is continuous across the boundary between the two films, it follows that |ψ| 2 also increases inside the absorptive film. Hence, the absorption in the film increases and the reflection probability decreases.
Optimization of three-film system
In order to approach more complex thin-film systems, a three-layered film system with a mirror, as in Fig. 1b , is evaluated. As for the two-film systems, the refractive indices of the films are constant for all wavelengths. This is to highlight the effect of the thickness of the first two layers on the average of the absorption cross section,σ a . The thickness of the third, absorptive film is chosen such that the wave function in this film is totally absorbed.
In Fig. 6a shows a three film system, where the refractive indices of layer I, II and III in Fig. 1b are set to 1.5, 1.65 and 1.8 + 0.03i, respectively. The thickness of the third layer is set to 1000 nm. The thickness of the two first layers in the system are varied between 20 nm and 1000 nm in order to optimize the thicknesses of the two films with respect to the absorption efficiency of the third film. Figure 6a shows the average absorption cross section,σ a , for different combinations of the thicknesses of two first layers. We consider the wavelength range from 200 nm to 1200 nm. In Fig. 6b ,σ a for a system with increased refractive indices of the second and third layer is investigated. We employ a wavelength-independent refractive index for all three layers, with refractive indices of the layers I, II and III set to 1.5, 2.5 and 3.5 + 0.5i. Also for this system the wavelength A comparison between Fig. 6a and Fig. 6b shows that the benefits of choosing the correct thickness of the first two layers are higher for systems where the differences of refractive indices of the layers are larger. For a system as described in Fig. 6b , an optimization of the thicknesses could give more than 15 % increase of the the average absorption cross section.
OPTIMIZATION OF ABSORPTION OF THIN-FILM SOLAR CELLS
In this section we will show how considering resonances in thin-film systems can help to optimize experimentally realizable solar cells. We consider the system shown in Fig 7b, which is a simplification of a five-layer epitaxial crystalline silicon solar cell, which is optically thin as shown in Fig. 7a . 19 The experimentally realized system consists of three different materials, ITO, amorphous silicon and crystalline silicon, the two silicon layers consists of p-doped and one n-doped layers as shown in the figure. In order to simplify the system, we treat the amorphous silicon as one layer with the same wavelength dependent refractive index. The same assumption is used for the crystalline silicon. The absorption cross section is calculated by Eq. 1, and the refractive index of the three layers that are used are experimentally determined. [20] [21] [22] By evaluating the absorption cross section for different choices of thickness for the three layers, the system can be optimized to absorb as much radiation as possible.
The system in Fig. 7b is evaluated for several thicknesses of the layers. The average absorption cross section, σ a is shown for systems with c-Si film thickness equal to 0.5 µm, 2 µm, 8 µm, 32 µm, 100 µm and 200 µm in Fig.  8 . The thicknesses of the two first layers are varied between 20 nm and 500 nm. We investigated the wavelength range from 250 nm to 1000 nm. Since the photon energy exceeds the 1.1 eV band gap of silicon, 23 radiation in the investigated spectral range is absorbed. As Fig. 8 indicates, certain combinations of thicknesses of the two first layers give higherσ a values than other.
As Fig. 8 indicates, 60 nm and 150 nm are optimal thicknesses for the first and the second layer, respectively. We therefore set the thicknesses of the first and second layers to 60 nm and 150 nm, and vary now the thickness of the third layer. By continuously increasing the thickness of the third layer from 0.5 µm to 200 µm, the findings of Sec. 2.1.2 are confirmed: When the thickness of the energy converting layer is increased, the average absorption cross sectionσ a stabilizes at a certain value. This is shown in Fig. 9 , where the average absorption cross sectionσ a is shown as a function of the thickness of the third layer. We observe that theσ a stabilizes at a maximum value of approximatelyσ a = 0. Figure 7 : A multilayer thin-film solar cell consisting of five thin layers and a mirror are shown in (a). This solar cell has been experimentally realized 19 and consists of ITO, n-and p-doped amorphous and crystalline silicon. The thickness of the layers of the experimentally realized system is shown in the model. The system has been simplified into a three-layered system with mirror (b). 8 The system has been simplified by replacing the layers with different doping with one single layer with experimentally determined refractive index.
20-22 n 0 indicates the refractive index of vacuum, n 0 = 1. Behind the layers of the different material a perfect mirror is placed. In order to optimize the system, the thicknesses of the three layers are changed.The result of this is shown in Fig.  8 . Figure 8 : The average absorption cross section,σ a , for a three film system with the same materials as shown in Fig. 7b with experimentally determined refractive indices. [20] [21] [22] The thickness of the two first layers are varied between 20 nm and 500 nm. The thickness of the c-Si layer is set to 0.5 µm, 2 µm, 8 µm, 32 µm, 100 µm and 200 µm respectively. The wavelength range that is investigated is from 250 nm to 1000 nm. can be obtained. A further investigation of the material cost versus the absorption efficiency is needed in order to decide if a thickness of 50 µm is an optimum, since already a thickness of the c-Si layer of around 20 µm is close to the optimum value for the average absorption cross sectionσ a . 
DISCUSSION
The results presented in Sec. 2 show that when the imaginary part of the refractive index of the absorptive material is changed, the resonant structure of the absorption cross section and the absorption properties of the material change. When the imaginary part of the refractive index of the absorptive material increases, the electromagnetic field in the film system goes from a resonance structure formed by standing waves that are extended over both films to a resonance structure that consists of resonances only in the first film. For large imaginary part of the refractive index, all radiation entering the absorptive material is absorbed before it reaches the mirror. Therefore, standing wave do not occur the absorptive material for large imaginary part of the refractive index. One might assume an increasing imaginary part of the refractive index results in an increased absorption cross section. However, as confirmed by the Fresnel equations, 11 the reflection from the absorbing film's surface increases when the imaginary part of the refractive index increases. Therefore, less radiation is transmitted into the absorptive material, which results in lower absorption. As Figs. 2 and 3 show, there is an optimal size of the imaginary part of the refractive index of the absorptive material, where the wave function is just totally absorbed before it reaches the mirror. Since we consider the average absorption cross section for a whole wavelength region, this condition of optimal imaginary part of the refractive index is achieved, when the standing wave in the absorbing material is just disappeared for small wavelengths, while it is present for large wavelengths. When investigating the absorption properties of the film system as a function of the thickness of the absorbing film, we observe that the absorption increases with increasing thickness of the absorbing layer until a maximum is reached and stays constant for larger thicknesses. In general we see that absorption in the absorbing layer is enhanced by resonances in the non-absorptive material, which lead to an field enhancement in the absorbing material.
When considering a system consisting of three layers, we find that it is important to investigate first all combinations of thicknesses of the first two layers in order to optimize the thicknesses of the first two layers. The optimal thickness of the third layer is then found, where the wave function is just totally adsorbed. Further we find that the benefits of the optimization is larger for systems with larger differences in refractive indexes in the different films
In section 3, the absorption cross section for experimentally realizable thin-film solar cells are investigated. A experimentally realized solar cell was used as a template, and experimentally determined refractive indices were used in the system. The observations were comparable to the results found in Sec. 2 where systems with wavelength independent refractive indices are investigated.
In all systems considered, we were studying the average absorption cross section,σ a . It is important to notice thatσ a changes if we change the wavelength range. It is therefore essential to optimize the system according to the proper wavelength range. In our study, the results presented were not weighted with the solar spectrum. If the absorption cross section is weighted with the solar spectrum, the optical generation rate 10 is obtained. In order to further evaluate a thin-film solar cell system, the average optical generation rate should be evaluated.
Our model is exact for situations with coherent light, which is a common assumption for simulations of thinfilm solar cells where the thickness of the films is smaller then the coherence wavelength.
24 Sunlight, however, is incoherent, so the assumption of coherent light in our model is not strictly applicable to the case of incoherent sunlight. Indeed, it is known that there is a difference in conversion efficiency between illumination with coherent and incoherent light. 25 Since the spatial coherence area of sunlight is about 60 µm × 60 µm, 26 and resonant solar-cell surface structures are of the order of a micron, the effects of spatial coherence may be neglected. However, since the temporal coherence length of sunlight is about 600 nm, 27 and the thicknesses of our films are about of this order of magnitude, the temporal incoherence of sunlight cannot be neglected. Therefore, while our results are rigorous for coherent incident light, we have to be careful when using these results to make predictions for the case of incoherent sunlight. On the upside, a two-step method exists that takes the results of coherent calculations as input for a folding step that then obtains conversion efficiencies for incoherent illumination directly from the coherent input. 25, 28 Therefore, our results presented here are the first step in this two-step process. We hope that after conversion to incoherent light our predictions still hold. We have not yet performed this second step, but plan to investigate it next.
For monochromatic light, our results indicates that the optimum in conversion efficiency is reached when the layers in front of the energy-converting material are around the same size as the coherence length of the light. 27 We could therefore expect resonances in the first layers. Further, we show that it is optimal that the energy converting material should have a thickness so that the wave function is totally absorbed before it reaches the mirror. In this cases we will not have resonances in the layer closest to the mirror. We hope that these predictions, based on a coherent, monochromatic model are robust and will also hold in the case of illumination with incoherent light.
Our model only evaluates the optical properties of the system. Effects linked to losses other than reflection are not included in our models.
CONCLUSION
In this paper we have shown that simple calculations of the absorption cross section can give an indication of a proper choice of thickness of the layers in a thin-film solar cell. We find that a resonance in the front layers can result in an increased absorption cross section. This is caused by the enhanced wave function in the front layers. Due to the continuity of the wave function this also results in an enhanced absorption of radiation in the absorptive material. We have also shown that the absorption cross section decreases when the imaginary part of the refractive index of the absorptive material increases. This is because the reflection probability increases according to Fresnel's equations. An optimal imaginary part of the refractive index is therefore obtained when the absorption is high enough such that standing waves just disappear in the absorbing material for a large part of the wavelength region considered, but not too high such that not a too large part of the radiation is reflected in the energy converting material. We have applied our findings wit success to the optimization of an experimentally realizable solar cell system.
